We have studied the degradation of type X collagen by metalloproteinases, cathepsin B, and osteoclast-derived lysates. We had previously shown (Welgus, H. G., C. J. Fliszar, J. L. Seltzer, T. M. Schmid, and J. J. Jeffrey. 1990. J. Biol. Chem. 265:13521-13527) that interstitial collagenase rapidly attacks the native 59-kD type X molecule at two sites, rendering a final product of 32 kD. This 32-kD fragment, however, has a Tm of 43 degrees C due to a very high amino acid content, and thus remains helical at physiologic core temperature. We now report that the 32-kD product resists any further attack by several matrix metalloproteinases including interstitial collagenase, 92-kD gelatinase, and matrilysin. However, this collagenase-generated fragment can be readily degraded to completion by cathepsin B at 37 degrees C and pH 4.4. Interestingly, even under acidic conditions, cathepsin B cannot effectively attack the whole 59-kD type X molecule at 37 degrees C, but only the 32-kD collagenase-generated fragment. Most importantly, the 32-kD fragment was also degraded at acid pH by cell lysates isolated from murine osteoclasts. Degradation of the 32-kD type X collagen fragment by osteoclast lysates exhibited the following properties: (a) cleavage occurred only at acidic pH (4.4) and not at neutral pH; (b) the cysteine proteinase inhibitors E64 and leupeptin completely blocked degradation; and (c) specific antibody to cathepsin […] 
Introduction
Type X collagen is a short chain collagen synthesized by hypertrophic chondrocytes ( 1, 2) which is transiently and develop-mentally regulated at sites of endochondral ossification (3, 4) . This collagen is a homotrimer of identical a chains (anI [ X] 3) secreted in native form of 59,000 Mr (5) . The molecule contains a 14-kD COOH-terminal globular domain that is sensitive to pepsin digestion and a triple helix of 45 kD (6) .
Matrix metalloproteinases are a gene family whose physiologic function involves the degradation of extracellular matrix. We previously reported (7) that native type X collagen was cleaved by two such human metalloproteinases-interstitial collagenase and 72-kD gelatinase-at two distinct loci within the triple helix. These cleavage sites, Gly92-Leu93 and Gly420-Ile421, represented Gly-X bonds of Gly-Xaa-Yaa-Xaa-Yaa sequences. At 37°C, the 32-kD product of collagenase or 72-kD gelatinase digestion was resistant to further cleavage by either enzyme. Indeed, the Tm of the 32-kD degradation fragment has been shown to be 43°C due to a very high amino acid content, and thus, is well above physiologic core temperature (8) . Therefore, while metalloproteinases derived from cartilage can initiate the degradation of type X collagen, a very substantial helical fragment remains after digestion which may be resistant to further proteolysis.
Lysosomal cysteine proteinases including the cathepsins may also contribute to the degradation of collagen. Cathepsins B, L, and N can degrade insoluble type I collagen in vitro at acidic pH (9) . These enzymes cleave the nonhelical telopeptide extensions on the helical side of the intermolecular cross-links, thereby solubilizing collagen molecules. They also can cleave within a subtly compromised triple helix provided by acidic pH and physiologic temperature ( 10) .
Of the cysteine proteinases, cathepsin B (24,000 Mr) is the best understood and most thoroughly studied. It is found in all cells containing lysosomes, including fibroblasts, macrophages and osteoclasts ( 11 -13 ) , and has been demonstrated to degrade types I, II, III, IV, V, IX, and XI collagens (10, (14) (15) (16) as well as laminin, fibronectin, and proteoglycans (15) (16) (17) (18) . Cathepsin B exhibits a pH optimum of 6.0 for most substrates; activity decreases very sharply at neutral pH because of irreversible inactivation of the enzyme. However, for collagen degradation by cathepsin B, activity is optimal at pH 3.5-4.5, most likely reflecting a combination of retained enzyme function and swelling of the collagen molecule with loosening of helical structure at acidic pH and physiologic temperature (10) .
In the present study, we show that a combination of neutral metalloproteinase and acidic cathepsin activity is required for the complete degradation of type X collagen. We (19, 20) . IgG-purified sheep anti-human cathepsin B polyclonal antibody was purchased from ICN Immunobiologicals (Costa Mesa, CA). All other chemicals were reagent grade.
Isolation and purification of human matrix metalloproteinases. Interstitial collagenase was purified to homogeneity from the conditioned medium of phorbol ester-treated U937 cells as described previously (21, 22) . 92-kD gelatinase was isolated and purified from ElA-transfected HT-1080 cells as described by Wilhelm et al. (23) . Purification by sequential gelatin-Agarose and red-Sepharose chromatography resulted in 92 kD enzyme free of associated TIMP. Matrilysin obtained by transfection of linearized PEE12 PUMP expression vector into NSO mouse myeloma cells was kindly provided by Gill Murphy (Cambridge, U. K.) (24) .
Activation ofenzymes and verification offull catalytic activity. Interstitial procollagenase, 92-kD progelatinase, and promatrilysin were activated by exposure to APMA, 1 mM, at 37°C for 1 h. Cathepsin B and the osteoclast lysates were treated with 10 mM DTT at 37°C for 15 min before use.
Proteolytic activity of each of the metalloproteinases was established by assay against known susceptible substrates as follows: 92-kD gelatinase and matrilysin activities were tested by measuring the solubilization of 3H-elastin at 37°C (25) . Collagenase activity was determined by incubation of enzyme with native rat type I collagen at 25°C and quantification of catalytic rate (k<,,) by scanning densitometry of TCA products (26) . Stromelysin activity was measured using a proteoglycan bead assay (27). Preparation of collagens. Embryonic chick type X collagen was obtained from medium harvested from cultures of passaged chondrocytes derived from 12-d-old chick tibiotarsus. The type X collagen was separated from other proteins and other collagen types by fractional salt precipitation performed under both neutral and acid conditions and further purified by immunoaffinity chromatography using the X-Aca monoclonal antibody (28) as described previously (29, 30) .
To obtain the 45-kD species, type X collagen was digested with pepsin (100 pg/ml) in 0. for 18 h. Reaction mixtures were stopped with SDS sample buffer containing DTT, boiled, and subjected to polyacrylamide gel electrophoresis using 8% gels. The arrow denotes formation of the 32-kD product.
Preparation of murine osteoclast-like cells and osteoclast lysates. Osteoclast-like cells were prepared in vitro by the coculture of mouse spleen cells with PA6 stromal cells as described previously by Suda et al. (32) . Cocultures were incubated for 2 wk in the presence of both 1,25(OH)2D3 ( 10 nM) and dexamethasone ( 10 -8 M) to promote osteoclast differentiation. To prepare cellular extracts, murine osteoclast-like cells were suspended in 20 mM sodium acetate, 65 mM NaCl, 20-mM Hepes, 1 mM EDTA, 1 mM 3-( [3-cholamidopropyl]-dimethylammonio)-l-propanesulfonate (CHAPS), and were then frozen (-80TC).
After thawing, the cells were disrupted with a glass homogenizer and the pH was adjusted to 5.0. The suspension was placed on a nutator table at 40C for 2 h, subjected to ammonium sulfate precipitation (70%), and then centrifuged at 14,000 g for 10 min. The precipitate was then resuspended in 1 ml 0.05 M sodium acetate, pH 4.4, and dialyzed against 2 liters of this same buffer (33) .
Results
We have previously reported that type X collagen is cleaved at two loci within its triple helix by human interstitial collagenase and 72-kD gelatinase (7) . In that study, it was not possible to compare the efficacy of these two matrix metalloproteinases, since the 72-kD gelatinase was purified already in complex with its endogenous inhibitor, TIMP-2. We now use the highly related 92-kD gelatinase, which is isolated free of associated TIMP-1 (23) to study degradation of type X collagen by metallogelatinases, and have also examined the susceptibility of this substrate to attack by matrilysin, a recently described low Mr metalloproteinase. In Fig. 1 and the eventual generation of a stable 32-kD species resulting from proteolysis at both susceptible loci (4 and 8 kD). This 32-kD fragment resisted further degradation by any of the tested metalloproteinases, at 37 or 39°C, even when 92-kD gelatinase or matrilysin were added to the completely converted product so readily formed by collagenase action (not shown). These experiments confirmed that the collagenase-generated 32-kD product of type X collagen retained its triple helical structure at 37°C (and even 39°C, not shown), raising the question of how degradation of this collagen is completed. It has been reported previously that cathepsins such as cathepsin B can cleave helical collagens at 37°C and at acidic pH (10) . This scenario seemed particularly attractive since invading bone osteoclasts have been shown to use such acidic cathepsins to degrade the primarily type I collagenous organic matrix of bone (34, 35) .
To evaluate this possibility, type X collagen was first digested to the 32-kD fragment by interstitial collagenase at neutral pH. The pH of the reaction mixture was then adjusted to 4.4 and different amounts of cathepsin B were added at 37°C for 24 h. As shown in Fig. 2 , the 32-kD fragment was completely or mostly degraded by cathepsin B at enzyme concentrations of 2 6.7 X 10-8 M. Approximately 95% of the substrate was degraded by 6.7 X l0-8 M cathepsin B and 30% by 1.3 x l0-8 M cathepsin B. There were no distinct cleavage products evident from the action of cathepsin B, which apparently degraded the 32-kD collagenous domain into small peptide fragments.
Degradation of the 32-kD fragment of type X collagen by cathepsin B exhibited significant temperature dependence. As seen in Fig. 3 , at 37 or 39°C and pH 4.4, cathepsin B at a concentration of 1.3 x 10-7 M completely degraded the 32-kD collagenase-generated fragment of type X collagen. However, at 35°C, an identical concentration of enzyme degraded only 70% of the 32-kD fragment. Since the capacity for cathepsin B to degrade native collagens at acid pH is related to substrate stability, we next examined this enzyme's cleavage of native whole types I and X collagens in comparison to the 32-kD fragment of type X. As seen in Fig. 4 A, a concentration of 1.3 x 1O-6 M cathepsin B was able to degrade only 20% of type I collagen at 35°C, but essentially all of this substrate was cleaved at 37°C. Fig. 4 B demonstrates the capacity for cathepsin B to degrade whole type X collagen at various incubation temperatures. At 35 and 37°C, very little type X collagen was attacked, whereas at 39°C, > 50% of the substrate was degraded. This resistance of type X collagen to cathepsin B at 37°C relative to type I collagen is not surprising since type X has a more stable helical structure due to its much higher hydroxyproline content. As shown in Fig. 4 C, the 32-kD fragment of type X collagen was much more sensitive to cathepsin B digestion than was the native whole molecule. At 350C, > 80% of the initial amount of 32-kD fragment was degraded, whereas at 370C, essentially all of the substrate was cleaved. These data indicate that while cathepsin B cannot initiate the degradation of whole type X collagen at physiologic temperature, it can effectively degrade the 32-kD fragment released by collagenase digestion.
To further evaluate the possibility that invading bone cells may complete the degradation of type X collagen started by interstitial collagenase, we studied the capacity of osteoclast lysates to degrade the 32-kD type X fragment. Murine osteoclasts were generated in vitro by co-culture of monocytic cells with bone stromal cells (32) and lysates prepared as described in Methods. In the experiment shown in Fig. 5 A, type X collagen was first digested by interstitial collagenase at neutral pH to its 32-kD form. Temperature dependence of the degradation by cathepsin B of type I collagen, type X collagen, and the 32-kD fragment of type X collagen. Native types I and X collagens were isolated as described in Methods. The 32-kD fragment of collagenase digestion was isolated by immunoaffinity chromatography as also described under Methods. Collagens (10 Ag of types I and X; 5 Ag of 32-kD fragment) were incubated with cathepsin B (1.3 x 1o-6 M) for 48 h at the indicated temperatures. Samples were then subjected to polyacrylamide gel electrophoresis.
clast lysate added for 24 h at 370C. As shown in the figure, the osteoclast lysate completely degraded the 32-kD fragment at pH 4.4, but failed to attack it at pH 7.5. Fig. 5 B demonstrates that complete degradation of the 32-kD fragment occurred at pH 4.4 at 37, 39, and 41TC, however, no degradation occurred at pH 7.5 even at 41'C. Next, the specific irreversible cysteine protease inhibitors, E-64 (trans-epoxy-succinyl-L-leucylamido-(4-guanidino)-butane) and leupeptin were added to the osteoclast lysates at pH 4.4. As shown, each inhibitor completely abolished the capacity of the osteoclast lysate to degrade the 32-kD fragment (Fig. 5 A) . These data indicate that an acidic cathepsin in the osteoclast lysate is responsible for degradation of the 32-kD fragment. To determine whether cathepsin B is the responsible acidic cathepsin, we added specific anti-cathepsin B antiserum to the osteoclast lysates. Since the polyclonal cathepsin B antibody we used was anti-human, we first established its capacity to inhibit the catalytic activity of rat cathepsin B (not shown), which is > 95% homologous to the mouse (36) . As a control, the antibody preparation failed to affect the enzyme activity of human interstitial collagenase (not shown). As seen in Fig. 5 A, the addition of cathepsin B antibody reduced the lysate's capacity to degrade the 32-kD fragment by -50%, strongly implicating this enzyme's involvement in the process.
Discussion
Our results indicate that the combined actions of a neutral metalloproteinase and an acidic cathepsin are required to completely degrade type X collagen. Due to a very high hydroxyproline content, whole type X collagen resists cleavage by cathepsin B at 37°C, even in an acidic environment (Fig. 4) . In contrast, several neutral metalloproteinases can catalyze the initial scissions of type X, with interstitial collagenase being by far the most effective (Fig. 1 ). However, all tested metalloproteinases, including collagenase and gelatinase, could degrade type X collagen only to a 32-kD form, which retains its triple helical structure at physiologic temperature due to an unusually high amino acid content. Whereas the whole type X collagen molecule resists the action of cathepsin B at 37°C, the 32-kD fragment is readily susceptible to attack by this We have previously reported (7) that degradation of type X collagen can be initiated by interstitial collagenase or 72-kD gelatinase, which at 37°C attack the native molecule at 2 loci, Gly92-Leu93 and Gly420-11e421, both sites representing Gly-Xaa bonds of Gly-Xaa-Yaa-Xaa-Yaa sequences. The correspondence of these susceptible sites to areas of helix imperfection explained values obtained for activation energy and deuterium isotope effect which appeared to be intermediate between those normally observed for native and denatured collagens (7) . Furthermore, they provided a plausible explanation for the susceptibility of a native collagen to degradation by both an interstitial collagenase and a gelatinase. However, in this previous report we could not compare the relative efficacy of interstitial collagenase to 72-kD gelatinase, since the latter enzyme is isolated and purified already in complex with TIMP-2, which markedly attenuates its catalytic activity. In the present study, we used the highly related 92-kD gelatinase, which can be expressed and purified free of its endogenous inhibitor, TIMP-1 (23). As shown in Fig. 1 , interstitial collagenase, 92-kD gelatinase, and matrilysin all cleaved the two susceptible loci in native type X collagen, eventually generating a 32-kD fragment which was resistant to further proteolytic attack. However, interstitial collagenase was far more effective than the other two enzymes, exhibiting at least 20-fold greater catalytic efficiency. Nonetheless, it has been reported that the 32-kD digestion product of collagenase has a Tm of 43°C, and therefore retains its triple helical conformation at physiologic temperature (8) (38) . Cathepsin B acts differently from metalloproteinases in that it cleaves collagens by first attacking the telopeptide region where intermolecular cross-links are formed, solubilizing the molecules, and then degrades the collagen into small peptide fragments (10) . The actual degradation of the collagen helix is known to require both an acidic environment and physiologic temperature, implying that a requisite for attack is a subtly compromised or "lax" helical structure. In this study, we found that soluble type I collagen molecules were indeed very susceptible to cathepsin B degradation at 370C, pH 4.4, but not at 350C (Fig. 4) . In contrast, whole type X collagen largely resisted attack by cathepsin B at 370C, became 50% susceptible at 39°C, and were fully cleaved only at 410C. In all likelihood, these data are explained by the known differences in Tm between the two collagen types, which reflect very different hydroxyproline contents. The Tm of type I collagen under acidic conditions is 390(, which is about 3YC lower than the Tm value measured at a neutral pH (39) . Intact type X collagen, however, has a much higher Tm of 470( at neutral pH (40) . Importantly, the 32-kD type X collagen fragment of interstitial collagenase digestion has a Tm of 43°C (8) , and this fragment is fully susceptible to cathepsin B at 37°C (Fig. 4) . Thus, our data suggest that at physiologic temperature, cathepsin B cannot attack whole type X collagen, and that processing by interstitial collagenase to the 32-kD form is required for susceptibility to the acidic cathepsin.
To test the validity of our hypothesis that complete degradation of native type X collagen requires the concerted action of both a metalloproteinase and an acidic cathepsin, we tested the capacity of osteoclast lysates to degrade the 32-kD fragment of collagenase digestion. As described in Fig. 5 , type X collagen was first digested at neutral pH to a stable 32-kD product. After this digestion was complete, the pH of the reaction mixture was lowered to 4.4 and osteoclast lysate added. The osteoclast lysate readily degraded the 32-kD type X collagen fragment at pH 4.4 (37MT), but no degradation was observed at pH 7.5, even at 41°C. Degradation at acidic pH was completely blocked by two cysteine proteinase inhibitors-E64 and leupeptin-demonstrating that cleavage was accomplished by an acidic cysteine proteinase. Osteoclasts contain two major acidic cathepsinscathepsins B and L-which are capable of cleaving native helical collagens at acidic pH and physiologic temperature (34, 35) . Antibody is available to one of these cathepsins, cathepsin B, and we demonstrated that the capacity of whole osteoclast lysates to degrade the 32-kD fragment of type X collagen was significantly inhibited in the presence of this specific antiserum. Taken as a whole, these data strongly suggest that cleavage of type X collagen is initiated by interstitial collagenase, but can be completed by osteoclast-derived cathepsin B.
It must be recognized that our studies were done on chick, not human, type X collagen as type X is an embryonic collagen. The chick embryo has been variously reported to exhibit a core temperature within the range of 35-39°C (41, 42) . In this regard, we tested the various matrix metalloproteinases against the 32-kD fragment of collagenase digestion, and even at 39°C, no matrix metalloproteinase including 92-kD gelatinase pro-duced substantial cleavage (data not shown). Furthermore, we tested osteoclast lysates at 39 and 41'C at neutral pH (Fig. 5 ). Even at these higher temperatures, such lysates degraded the 32-kD fragment only at acidic pH and not at neutral pH. These data lend further support to our hypothesis that the metalloproteinases alone are not capable of fully degrading type X collagen and that, additionally, an osteoclast-derived acidic cysteine protease is required for complete degradation.
However, this scenario may not be the only mechanism for type X collagen degradation. A crude mixture of proteinases synthesized by interleukin-l -stimulated human articular chondrocytes is able to completely degrade type X collagen in 16 h at pH 8.0, 350C (30) . Also, some of the loss of type X collagen during avian long bone development occurs before hypertrophic cartilage is calcified. In this case, the cartilage is replaced by marrow, not bone, and the resorption process appears to be controlled by fibroblastic or macrophage-like cells rather than osteoclasts (43 
